We present a calculation of 1/m 2 b corrections to the lifetime differences of B s mesons ∆Γ Bs in the heavy-quark expansion. We find that they are small to significantly affect ∆Γ Bs and present the result for lifetime difference including non-perturbative 1/m b and 1/m 2 b corrections. We also analyze the generic ∆B = 1 New Physics contributions to ∆Γ Bs and provide several examples.
I. INTRODUCTION
Meson-antimeson mixing serves as an indispensable way of placing constraints on various models of New Physics (NP). This is usually ascribed to the fact that this process only occurs at the one-loop level in the Standard Model (SM) of electroweak interactions. This makes it sensitive to the effects of possible NP particles in the loops or even to new tree-level interactions that can possibly contribute to the flavor-changing ∆Q = 2 interactions. These interactions induce non-diagonal terms in the meson-antimeson mass matrix that describes the dynamics of those states. Diagonalizing this mass matrix gives two mass eigenstates that are superpositions of flavor eigenstates. In the B s system mass eigenstates, denoted as "heavy" |B H and "light" |B L ,
were predicted to have a rather significant mass and width differences,
where M H,L and Γ H,L denote mass and lifetime differences of mass eigenstates. Since in the Standard Model the mass difference is dominated by the top quark contributions, it is computable with great accuracy. Thus one might expect that possible NP contributions can be easily isolated.
Unfortunately, a recent observation of mass difference of mass eigenstates in B s mixing by CDF [1] and D0 [2] , ∆M Bs = 17.77 ± 0.10 ± 0.07 ps −1 (CDF), 17 ps −1 < ∆M Bs < 21 ps
put the hopes of spectacular NP effects in B s system rest. In fact, analyses of mixing in the strange, charm and beauty quark systems all yielded positive signals, yet all of those signals seem to be explained quite well by the SM interactions. Yet, some contribution from New Physics particles is still possible, so even the energy scales above those directly accessible at the Tevatron or LHC can be probed with B s mixing, provided that QCD sum rule [3] or lattice QCD [4] [5] [6] [7] calculations supply the relevant hadronic parameters with sufficient accuracy.
In addition to the mass difference ∆M Bs , a number of experimental collaborations reported the observation of a lifetime difference ∆Γ Bs in the B s system. Combining recent result from D0 [8] with earlier measurements from CDF [9] and ALEPH [10] , Particle Data Group (PDG) quotes [11] ∆Γ Bs = 0.16 
while Heavy Flavor Averaging Group (HFAG) [12] gives ∆Γ Bs = 0.071 
Differently from the mass difference ∆M Bs , the lifetime difference ∆Γ Bs is definitely dominated by the SM contributions, as it is generated by the on-shell intermediate states [13] [14] [15] [16] . While this might appear to make it less exciting for indirect searches for New Physics, besides "merely"
providing yet another test for heavy quark expansion, it is nonetheless a useful quantity for a combined analysis of possible NP contributions to B s 0 − B s 0 mixing [17] [18] [19] [20] .
It has been argued [19] that CP-violating NP contributions to ∆B = 2 amplitudes can only reduce the experimentally-observed lifetime difference compared to its SM value, therefore it is important to have an accurate theoretical evaluation of ∆Γ Bs in the SM. It is also important to note that ∆B = 1 NP contributions can affect ∆Γ Bs , but do not have to follow the same pattern.
Indeed, the level at which ∆B = 1 NP can affect ∆Γ Bs depends both on the particular extension of the SM, as well as on the projected accuracy of lattice calculations of hadronic parameters which drives the uncertainties on the theoretical prediction of ∆Γ Bs . So it is advantageous to evaluate the effect of NP contributions.
This paper is organized as follows. We set up the relevant formalism and argue for the need to compute 1/m 2 b corrections to leading and next-to-leading effects in Sect. II. In Sect. III we discuss the impact of 1/m 2 b corrections to the lifetime differences of B s mesons and assess the convergence of the 1/m b expansion. We also present the complete SM results for ∆Γ Bs including 1/m 2 b corrections. We then discuss the possible effects from ∆B = 1 New Physics contributions in Sect. IV. Finally, we present our conclusions in Sect. V.
II. FORMALISM
In the limit of exact CP conservation the mass eigenstates of the B eigenstates is then given by [13] 
where Γ ij are the elements of the decay-width matrix, i, j = 1, 2 (|1 = |B s , |2 = |B s ).
We use the optical theorem to relate the off-diagonal elements of the decay-width matrix Γ entering the neutral B-meson oscillations to the imaginary part of the forward matrix element of the transition operator T :
Here H ef f is the low energy effective weak Hamiltonian mediating bottom-quark decays. The component that is relevant for Γ 21 reads explicitly
defining the operators
Here i, j are color indices and a summation over q = u, d, s, c, b is implied. V ± A refers to γ µ (1 ± γ 5 ) and S − P (which we need below) to (1 − γ 5 ). C 1 , . . . , C 6 are the corresponding Wilson coefficient functions at the renormalization scale µ, which are known at next-to-leading order. We have also included the chromomagnetic operator Q 8 , contributing to T at O(α s ). Note that for a negative C 8 , as conventionally used in the literature, the Feynman rule for the quark-gluon vertex is −igγ µ T a . A detailed review and explicit expressions may be found in [21] . Cabibbo-suppressed channels have been neglected in Eq. (8).
In the heavy-quark limit, the energy release supplied by the b-quark is large, so the correlator in Eq. (7) is dominated by short-distance physics [22] . An Operator Product Expansion (OPE) can be constructed for Eq. (7), which results in its expansion as a series of matrix elements of local operators of increasing dimension suppressed by powers of 1/m b :
In other words, the calculation of Γ 21 (B s ) is equivalent to computing the matching coefficients of the effective ∆B = 2 Lagrangian with subsequent computation of its matrix elements. Eventually the scale dependence of the Wilson coefficients in Eq. (13) is bound to match the scale dependence of the computed matrix elements.
Expanding the operator product (7) for small x ∼ 1/m b , the transition operator T can be written to leading order in the 1/m b expansion as [13, 14] 
which results in [15] 
In writing Eq. (14) we have used the Fierz identities and the equations of motion to eliminate the color re-arranged operators The coefficients in the transition operator (14) at next-to-leading order, still neglecting the penguin sector, can be written as [14] :
1 It was recently argued that better-converging results can be obtained in a modified basis [16] .
and similarly for F S (z). The leading order functions
S,ij read explicitly
The next-to-leading order (NLO) expressions F
S,ij are given in Ref. [14] . The penguin correction to Eq. (14),
is also shown in Ref. [14] .
Here we present the higher order corrections to Γ 21 (B s ) in Eq. (15) in the heavy-quark expansion, denoted below as δ 1/m and δ 1/m 2 :
The matrix elements for Q and Q S are known to be [13] [14] [15] 
where M Bs and f Bs are the mass and decay constant of the B s meson and N c is the number of colors.
The parameters B and B S are defined such that B = B S = 1 corresponds to the factorization (or 'vacuum insertion') approach, which can provide a first estimate. The 1/m b corrections are computed, as in Ref. [13, 15, 22, 23] , by expanding the forward scattering amplitude of Eq. (7) in the light-quark momentum and matching the result onto the operators containing derivative insertions (see Fig. 1 ). The δ 1/m contributions can be written in the following form:
where the operators R i are defined as
Their matrix elements read [13, 15] :
Some of those parameters have been computed in lattice QCD [4] [5] [6] [7] . 2 In this paper we use the results of Ref. [4] . Two classes of corrections arise at this order. One class involves kinetic corrections which can be computed in a way analogous to the previous case by expanding the forward scattering amplitudes in the powers of the light-quark momentum. A second class involves corrections arising from the interaction with background gluon fields. The complete set of corrections is the sum of those,
Let us consider those classes of corrections in turn. The kinetic corrections can be written as
We again retain the dependence on quark masses in the above expression, including the terms proportional to m s . The operators in Eq. (30) are defined as
where, as before, we have eliminated the color-rearranged operators W i in favor of the operators W i . The parametrization of the matrix elements of the above operators is given below,
Note that in factorization approximation all the bag parameters α i should be set to 1. In addition to the set of kinetic corrections considered above, the effects of the interactions of the intermediate quarks with background gluon fields should also be included at this order. The contribution of those operators can be computed from the diagram of Fig. 2 , resulting in
The local four-quark operators in the above formulas are shown in Eq. (34):
Analogously to the previous section, and following Ref. [23] , we parametrize the matrix elements in Eq. (34) as
We set β i = 1 GeV 2 to obtain a numerical estimate of this effect. It is clear that no precise prediction is possible with so many operators contributing to the lifetime difference. This, of course, is expected, as the number of contributing operators always increases significantly with each order in OPE. We can nonetheless evaluate the contribution of both 1/m b and 1/m 2 b by randomly varying the parameters describing the matrix elements by ±30% around their "factorized" values.
This way we obtain the interval of predictions of ∆Γ Bs and estimate the uncertainty of our result.
C. Discussion
Now we discuss the phenomenological implications of the results presented in the previous sections. As usual in OPE-based calculations next-order corrections bring new unknown coefficients.
In our numerical results we assume the value of the b-quark pole mass to be m b = 4.8±0. To obtain the complete Standard Model estimate of ∆Γ Bs , we fix the perturbative scale in our calculations to µ = m b and vary the values of parameters of the matrix elements. Following [23] we adopt the statistical approach for presenting our results and generate 100000-point probability distributions of the lifetime, obtained by randomly varying our parameters within a ±30% interval around their "factorization" values. The decay constant f Bs and the b-quark pole mass m b are taken to vary within a 1σ interval as indicated above. The results are presented in Fig. 3 . This figure represents the main result of this paper [24] .
There is no theoretically-consistent way to translate the histogram of Figure 3 into numerical predictions for ∆Γ Bs . As a useful estimate we give a numerical prediction by estimating the width of the distribution Fig. 3 at the middle of its height and position of the maximum of the curve as the most probable value. We caution that predictions obtained this way should be treated with care, as it is not expected that the theoretical predictions are distributed according to the Gaussian distribution. Nevertheless, following the procedure described above one obtains ∆Γ Bs = 0.072
where we added the experimental error from the determination of Γ s and theoretical error from our calculation of ∆Γ Bs in quadrature.
IV. NEW PHYSICS CONTRIBUTIONS TO LIFETIME DIFFERENCE
In the previous section we have shown that 1/m 2 b -corrections to the lifetime difference of the light and heavy eigenstates in the B s system are quite small, which makes the prediction of ∆Γ Bs quite reliable 3 . Additionally improving the accuracy of the lattice or QCD sum rule determinations of non-perturbative "bag parameters" in Eq. (36) would make this prediction even more solid. 
Since in the Standard Model Γ 12 is dominated by the b → ccs transition, its phase is negligible.
Then, as was pointed out long time ago [19, 20] , CP-violating contributions to M 12 must reduce the lifetime difference in B s -system,
where 2ξ is a CP-violating phase of M 12 , which is assumed to be dominated by some ∆B = 2 New
Physics.
Contrary to CP-violating ∆B = 2 NP contributions to M 12 , any ∆B = 1 NP amplitudes can interfere with the Standard Model ones both constructively and destructively, depending on the model. Since no spectacular NP phases have been observed in B s mixing, it appears that 
where ∆Γ N P Bs is a contribution resulting form the interference of the SM and NP ∆B = 1 operators, which can either enhance or suppress ∆Γ Bs compared to the Standard Model contribution. We shall compute ∆Γ N P Bs by first employing the generic set of effective operators, and then specifying to particular extensions of the SM. We shall concentrate on CP-conserving contributions.
Using the completeness relation the NP contribution to the B 
where we represent the generic NP ∆B = 1 Hamiltonian H
where the spin matrices Γ 1,2 can have an arbitrary Dirac structure, D′ are some New Physicsgenerated coefficient functions [26] , and C 1,2 (µ) are Wilson coefficients evaluated at the energy scale µ. This gives us the following contribution to the lifetime difference:
where i, j, k, l are the color indices, {K α } are combinations of Wilson coefficients,
with the number of colors N c = 3, and the operators O ijkl m are the following:
where p is the b-quark momentum operator. Defining z q ≡ m the coefficients I j (z q , z q ′ ) can be written as follows:
where phenomenology [28, 29] . In the low-energy limit, charged Higgs exchange leads to the following four-fermion interaction [30] ,
where Γ i , i = 1, 2, are
where 
I i ≡ I i (z c , z c ), K i are defined above, and Q i are
For values of M H = 85 GeV and cot β = 0.05 [11] we obtain (∆Γ Bs /Γ s ) ChH ≈ 0.006. This is about 6% of the Standard Model value, too small to constrain the model from this observable. The dependence of (∆Γ Bs /Γ s ) ChH on the mass of the Higgs boson is given in Fig. 4 .
B. Left-Right Symmetric Models
One of the puzzling features of the Standard Model is the left-handed structure of the electroweak interactions. A possible extension of the SM, a Left-Right Symmetric Model (LRSM) assumes the extended SU(2) L × SU(2) R symmetry of the theory, which restores parity at high energies [31] . While in the simplest realizations of LRSM the right-handed symmetry is broken at a very high scale, models can be consistently modified to yield W R -bosons whose masses are not far above 1 TeV range [32] . In this case flavor-changing interaction from W R -bosons can affect ∆Γ Bs (for a similar effect in D-mixing, see [26] ).
In principle, manifest left-right symmetry requires that couplings to left-handed particles to be the same as the once to the right-handed ones, e.g. g L = g R . This also assumes that the right-handed CKM matrix V [34] . To assess the contribution from W R to ∆Γ Bs , we equate
in Eq. (44) and evaluate the respective operators. Here G (R)
W , and we assume g R = κg L . In the studies of non-manifest LRSM, we shall also assume κ = 1, 1.5, 2 [35] . At the end, LRSM gives the following contribution to the value of ∆Γ Bs /Γ Bs :
The dependence of (∆Γ Bs /Γ Bs ) LR on the mass of the W R boson is given in Fig. 5 . We see that W > 800 GeV.
V. CONCLUSIONS
We computed the subleading 1/m 2 b corrections to the difference in the lifetimes of B s mesons. We showed that they can be parameterized by 13 nonperturbative parameters, which we denote α i and β i . We adopted the statistical approach for presenting our results and generate 100000-point probability distributions of the lifetime difference, obtained by randomly varying our parameters within a ±30% interval around their "factorization" values, except for the case when the parameters are known from lattice QCD. In this case they are taken to vary within a 1σ interval as indicated above.
The results are presented in Fig. (3) . While there is no theoretically-consistent way to translate the histogram of Fig. 3 into numerical predictions for ∆Γ Bs /Γ s , we provide an estimate by taking the width of the distribution Fig. 3 
The effects of 1/m 2 b corrections to calculations of ∆Γ Bs are shown to be small. We also looked into ∆B = 1 New Physics contribution to the lifetime difference in the B s system. We have shown that these contributions can both enhance or reduce the Standard Model contribution. We considered the most general four-fermion effective Hamiltonian, which can be generated by any reasonable extension of the Standard Model and derived its contribution to ∆Γ Bs .
We then evaluated effects of charged Higgses and right-handed W's on the lifetime difference. While the contribution of charged Higgs was shown to be negligible in ∆Γ Bs , LRSM can be constrained with measurement of ∆Γ Bs , provided lattice or QCD sum rule community provide better estimates of non-perturbative parameters entering the SM calculation of the lifetime difference in B s mesons.
